Introduction {#sec1}
============

In the post-modern era, pharmacological advancement has gone beyond the scope of conventional manufacturing of medicines. Researchers and scientists have been striving hard to discover and invent new and diversified chemical combinations. These formulated chemicals are useful against the resistant activity of microbes and can be used for treatment of different ailments other than those caused by microbes. One of these efforts is to synthesize efficient, effective, and easily accessible organic compounds with no or the least side effects. Additionally, these compounds also play a key role in the agricultural, industrial, and environmental domains. Hydrazones have attracted the attention of medicinal chemists because of their multiple biological applications. In this scenario, synthetic chemists working on the medicinal area across the globe have developed hydrazones with improved biological activity and low toxicity profiles. The medicinal importance or bioactive potential of any chemical architecture depends upon their molecular structures and binding cites present.^[@ref1]^ The structure of hydrazones has all the necessary features required for the biological applications as well as further modification by complexation as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Structural and functional diversity of the hydrazine functionality.](ao0c02128_0001){#fig1}

Modern chemists have triumphed in making such synthetic scaffolds with the potential to treat a broad range of maladies. Hydrazones are also among such class of important chemical building blocks that have a broad range of biological activities.^[@ref2],[@ref3]^ Hydrazones can potentially act as antimicrobial,^[@ref4]^ analgesic, anti-inflammatory,^[@ref5]^ antihypertensive,^[@ref6]^ antitubercular,^[@ref7]^ anti-HIV,^[@ref8]^ cardioprotective,^[@ref9]^ antimalarial,^[@ref10]^ antioxidant,^[@ref11]^ anticancer,^[@ref12]^ antidepressant,^[@ref13]^ and anticonvulsant^[@ref14]^ agents ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Examples of some valuable bio-active hydrazones.](ao0c02128_0002){#fig2}

It is also very interesting to mention that materials with nonlinear optical (NLO) behavior have substantial applications in many arenas including biophysics, nuclear science, chemical dynamics, medicine, materials, and surface interface presentations.^[@ref15]^ Therefore, it is an interesting scenario to find out the nonlinear optical (NLO) applications of the newly synthesized organic compounds. Recently, interdisciplinary studies are getting immense attention and synthetic chemists are employing computational studies of newly synthesized organic compounds for investigation of their kinetic properties and revealing their electronic structures. The computational codes and calculations of density functional theory (DFT) are used to investigate stability, potential of non-covalent interactions, and the structures of newly synthesized organic compounds by utilizing/exploiting their electronic and magnetic properties. The non-covalent interactions help in the synthesis of the targeted novel material that plays a key role in catalysis as well as enhances the bioactive potential of synthesized compounds.^[@ref16]^ In the current study, we are reporting the synthesis, spectroscopic characterization, and DFT/TD-DFT studies that reveal non-covalent interactions in novel pyridine-based halogenated hydrazones.

Materials and Methods {#sec2}
=====================

General Procedure {#sec2.1}
-----------------

In the current research work, we have synthesized novel hydrazones from a heterocyclic phenolic precursor. Analytical grade reagents and solvents were purchased and used without further purification in the whole experimental work. In order to monitor the reaction progress, TLC cards coated with silica gel (0.25 mm thickness) with F-254 fluorescent indicator on the Al sheet were used. The NMR spectra were recorded on Bruker Avance, A-V. NMR spectrometer where 400 MHz was used for ^1^H-NMR and 100 MHz was used for ^13^C-NMR. For the FTIR analysis, a Shimadzu IR Prestige-21 model instrument was used. Chemical shifts (δ) are reported in parts per million (ppm) relative to the residual solvent signals, and coupling constants (*J*) are reported in hertz.

Synthesis of Ethyl 2-(6′-Chloroazin-2-yl)-ox-ethanoate (3) {#sec2.1.1}
----------------------------------------------------------

The synthesis of ethyl 2-(6′-chloroazin-2-yl)-ox-ethanoate **3** was performed according to the reported method.^[@ref17]^ Briefly, a mixture of 6-chloro-2-hydroxy pyridine (100 mg, 0.78 mmol) **1** and 128 mg of anhydrous K~2~CO~3~ was heated in 15 mL of dry acetone for 20 min in 50 mL round bottom flask. To this mixture, 0.33 mL of ethyl-chloroacetate **2** was added dropwise and the reaction mixture was refluxed for 3 h. After the completion (monitored by TLC), the reaction mixture was cooled to room temperature and filtered off. The solvent was evaporated under reduced pressure. The targeted compounds were purified by column chromatography using n-hexane/ethylacetate.

IR ύ~max~ (cm^--1^) KBr: 1739 (O--C=O); ^1^H-NMR δ~H~ (400 MHz, CDCl~3~) in ppm, 1.28 (t, *J* = 6.7 Hz, 3H), 4.24 (q, *J* = 6.7 Hz, 2H), 4.86 (s, 2H), 6.77 (d, *J* = 7.1 Hz, 1H), 6.93 (d, *J* = 6.9 Hz, 1H), and 7.55 (t, *J* = 7.2 Hz, 1H); ^13^C-NMR δ~C~ (100 MHz, CDCl~3~) in ppm, 14.1, 61.1, 62.8, 109.2, 117.2, 141.0, 148.0, 162.0, and 168.6.

Synthesis of 2-(6′-Chloroazin-2′-yl) Oxy-aceto-hydrazide (4) {#sec2.2}
------------------------------------------------------------

A mixture of ethyl 2-(6′-chloroazin-2-yl)-ox-ethanoate **3** (131 mg, 0.61 mmol) and N~2~H~4~.H~2~O (0.09 mL, 1.83 mmol) in ethanol was refluxed for 3 h.^[@ref18]^ On completion (monitored by TLC), the reaction mixture was then cooled to room temperature and concentrated under reduced pressure. The final product was purified using column chromatography yielding 89 mg of the targeted hydrazide **4** (73%).

IR ύ~max~ (cm^--1^) KBr: 1639 (HN--C=O), 2926 (H-bonded N--H), 3298 (non-H-bonded N--H); UV λ~max~(nm) 272; ^1^H NMR (400 MHz, DMSO) δ 4.29 (s, 2H, hydrazinic-NH~2~), 4.71 (s, 2H), 6.90 (d, *J* = 7.5 Hz, 1H^′^), 7.11 (d, *J* = 7.3 Hz, 1H), 7.79 (t, *J* = 7.9 Hz, 1H), and 9.30 (s, 1H, amidic N--H).

General Procedure for the Synthesis of 2-\[(6′-Chloroazin-2′-yl)oxy\]-*N*′-benzylidene-aceto-hydrazones (CPFH, BCPH, and CCPH) {#sec2.2.1}
------------------------------------------------------------------------------------------------------------------------------

A mixture of 2-(6′-chloroazin-2′-yl) oxy-aceto-hydrazide **4** (98 mg, 0.48 mmol) and the substituted aromatic aldehydes **5** (0.54 mmol) in dry ethanol was refluxed for 2 h. The reaction was monitored by TLC; after completion, the mixture was cooled to room temperature and concentrated using a rotary evaporator. Final purification was achieved through column chromatography.

2-\[(6′-Chloroazin-2′-yl)oxy\]-*N*′-(2-fluorobenzylidene) Aceto-Hydrazone (CPFH) {#sec2.3}
--------------------------------------------------------------------------------

IR ύ~max~ (cm^--1^) KBr: 1587 (iminic −C=N), 1689 (amidic −C=O), 3084 (H-bonded −N--H); UV λ~max~(nm) 277;^1^H NMR (400 MHz, DMSO) δ 11.69 (s, 1H), 8.23 (s, 1H), 7.93 (t, *J* = 7.0 Hz, 1H), 7.80 (m, *J* = 6.2 Hz, 1H), 7.51--7.46 (m, 1H), 7.29 (dd, *J* = 9.0, 4.9 Hz, 2H), 7.11 (d, *J* = 7.2 Hz, 1H), 6.95 (d, *J* = 7.9 Hz, 1H), 5.35 (s, 2H); ^13^C NMR (101 MHz,DMSO) δ 168.6, 162.4, 159.4, 146.7, 142.2, 136.7, 131.8, 126.3, 124.9, 116.9, 116.1, 115.9, 109.6, and 62.8.

2-\[(6′-Chloroazin-2′-yl)oxy\]-*N*′-(2-chlorobenzylidene) Aceto-Hydrazone (CCPH) {#sec2.4}
--------------------------------------------------------------------------------

IR ύ~max~(cm^--1^) KBr: 1589 (iminic C=N), 1687 (amidic C=O), 3094 (H-bonded N--H); UV λ~max~(nm) 281; ^1^H NMR (400 MHz,DMSO) δ 11.75 (s, 1H), 8.40 (s, 1H), 8.02--7.97 (m, 1H), 7.80 (t, *J* = 7.9 Hz, 1H), 7.53 (d, *J* = 7.4 Hz, 1H), 7.44 (m, *J* = 9.5, 4.4 Hz, 3H), 7.10 (d, *J* = 7.5 Hz, 1H), 6.94 (d, *J* = 8.2 Hz, 1H),5.36 (s, 2H); ^13^C NMR (101 MHz, DMSO) δ 168.7, 162.4, 160.6, 146.8, 145.5, 142.2, 136.1, 133.6, 130.6, 129.6, 125.7, 116.8, 109.5, and 62.9.

2-\[(6′-Chloroazin-2′-yl)oxy\]-*N*′-(2-bromobenzylidene) Aceto-Hydrazone (BCPH) {#sec2.5}
-------------------------------------------------------------------------------

IR ύ~max~(cm^--1^) KBr: 1583 (iminic −C=N), 1690 (amidic −C=O), 3074 (H-bonded −N--H); UV λ~max~(nm) 280; ^1^H NMR (400 MHz, DMSO) δ 11.77 (s, 1H), 8.37 (s, 1H), 7.97 (dd, *J* = 7.8, 1.5 Hz, 1H), 7.79 (t, *J* = 6.3 Hz, 1H), 7.69 (d, *J* = 8.0 Hz, 1H), 7.45 (d, *J* = 7.7 Hz, 1H), 7.37 (dd, *J* = 10.8, 4.5 Hz, 1H), 7.10 (d, *J* = 7.5 Hz, 1H), 6.94 (d, *J* = 8.2 Hz, 1H), 5.36 (s, 2H); ^13^C NMR (101 MHz,DMSO) δ 168.7, 164.1, 160.1, 146,8, 145.5, 142.2, 133.1, 132.6, 131.6, 128.1, 127.2, 123.3, 116.9, 109.6, and 62.9.

Results and Discussion (Synthesis) {#sec3}
==================================

The targeted ester **3** was synthesized by treating 6-chloro-2-hydroxy pyridine **1** with ethyl chloroacetate in a polar aprotic solvent, i.e., acetone. This reaction is an example of a nucleophilic substitution reaction and follows the *S~N~2* mechanism where the 6-chloro-2-hydroxy pyridine **1** molecule produced a phenoxide ion, which acts as a nucleophile and substituted the Cl of ethyl chloroacetate to give the targeted ester **3**. The appropriate amount of prepared ester **3** was treated with hydrazine monohydrate in ethanol, which facilitates the formation of the substituted product 2-(6′-chloroazin-2′-yl) oxy-aceto-hydrazide **4** by the elimination of an ethoxide ion. Finally, the prepared hydrazide **4** was coupled with suitable ortho-substituted aromatic aldehydes in ethanol to get the targeted hydrazones ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Synthesis of Hydrazones, Starting from Heterocyclic Phenolic Moiety](ao0c02128_0005){#sch1}

In the current research work, we successfully synthesize novel hydrazones from hetero cyclicphenolic moiety. The formation of these compounds was confirmed by different spectroscopic techniques. In the IR spectrum, the disappearance of the broad pyridinic −OH peak of **1** from 3070 cm^--1^ and appearance of a signal of the aliphatic ester supported the formation of targeted ester **3**. The formation of ester **3** was also proved by proton NMR, in ^1^H-NMR; the emergence of the new aliphatic region by the appearance of a quartet and triplet at 4.24 and 1.28 ppm confirmed the formation of the ethoxy group. In the case of compound **4**, the disappearance of the aliphatic ester signal and appearance of two broad peaks about 3298 and 2926 cm^--1^of −NH stretching confirmed the formation of targeted hydrazide **4**. In ^1^H-NMR, the disappearance of two aliphatic peaks of **3** from 1.28 and 4.24 ppm and the emergence of two broad peaks at 4.29 and 9.30 ppm having integration equal to two and one protons, respectively, authenticated the formation of −NH and −NH~2~ groups. Finally, the formation of targeted hydrazone was confirmed by the disappearance of two peaks from 3298 and 2926 cm^--1^ of −NH stretching and emergence of one broad peak of −NH at 3000 ± 2 cm^--1^ as well as the appearance of two signals at 1692 ± 1 and 1575 ± 1 cm^--1^ endorsed the development of hydrazodic (−C=O) and iminic (HC=N−) functional groups, respectively. In ^1^H-NMR, the emergence of new peaks in the aromatic region authenticated the coupling between **4** and aromatic aldehydes. Moreover, a new singlet peak of (HC=N-) at 8.23 ppm having integration equal to one proton added weight to the formation of hydrazones CPFH, CCPH, and BCPH.

Computational Procedure {#sec3.1}
-----------------------

All quantum chemical calculations were carried out using the Gaussian 09 program package.^[@ref19]^ The molecular geometries of acetohydrazydederivatives: (*E*)-2-((6-chloropyridine-2-yl)oxy)-*N*″-(2-fluorobenzylidene) acetohydrazide (CPFH), (*E*)-*N*″-(2-bromobenzylidene)-2-((6-chloropyridine-2-yl)oxy) acetohydrazide (BCPH), and (*E*)-*N*″-(2-chlorobenzylidene)-2-((6-chloropyridine-2-yl)oxy) acetohydrazide (CCPH) were completely optimized without symmetry restrictions by applying the CAM-B3LYP/6-311G (d,p) level.^[@ref20]^ The final optimized geometries of CPFH, BCPH, and CCPH were used to calculate FT-IR vibrational frequencies at the same level for confirmation of their stability. Subsequently, no imaginary frequency was observed in any FT-IR analysis of studied compounds, which confirmed their stability. The Gaussian 09 package has been used for natural bond orbital calculations by applying NBO 3.1 program at the CAM-B3LYP/6-311G (d,p) level. The vertical excitation energies, electronic transitions, oscillator strengths, and HOMO and LUMO energies were calculated with the help of time-dependent DFT (TD-DFT) investigation utilizing the CAM-B3LYP/6-311G (d,p) approach. For NLO analysis of the molecules, the electronic dipole moment (μ), linear polarizability (α), and first order hyperpolarizabilities (β) were computed at the aforesaid DFT level. The input files were organized with the help of Avogadro,^[@ref21]^ Gaussview 5.0,^[@ref22]^ GaussSum,^[@ref23]^ and Chemcraft^[@ref24]^ programs. Same softwares were employed for interpreting output files.

Results and Discussion (Computational) {#sec4}
======================================

The spectral analysis confirmed the synthesis of targeted compounds. After comformation, the DFT exploration of these newly synthesized molecules were carried out; the details are given as bellow.

Natural Bond Orbital (NBO) Analysis {#sec4.1}
-----------------------------------

The NBO investigation has been confirmed to be a persuasive tool for chemical explanation of hyper conjugative forces and electronic density redistribution in different bonding as well as antibonding orbitals. The second order perturbation approach was used to determine the delocalized type interactions. The probe was performed by investigating entire conceivable interactions between donor Lewis-type NBOs and acceptor non-Lewis NBOs.^[@ref25]^ Natural bond orbitals (NBOs) described the Lewis-like molecular bonding pattern of electron pairs. The natural bond orbital calculations were performed using the NBO 3.1 program^[@ref26]^ as implemented in the Gaussian09 package at the DFT/CAM-B3LYP/6-311G (d,p) level. According to the second order perturbation approach, the stabilization energy formula could be shown by [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.^[@ref27]^

Here, stabilization energy = *E*^(2)^, donor orbital occupancy = *q~i~*, the diagonal = *F*(*i.j*), and the off-diagonal elements = ε~j~ , ε~I~ are NBO Fock matrix elements.^[@ref28]^ The NBO analysis for CPFH, CCPH, and BCPH has been elaborated in [Tables S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf). However, some representative values are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### NBO Analysis of CPFH, CCPH, and BCPH[a](#t1fn1){ref-type="table-fn"}

  comp   donor (*i*)   types   acceptor (*j*)   types   *E*^(2)^   *E*(*j*) -- *E*(*i*) (au)   *F*(*i*,*j*) (au)
  ------ ------------- ------- ---------------- ------- ---------- --------------------------- -------------------
  CPFH   C5-N6         σ       C1-Cl10          σ\*     5.89       1.13                        0.073
         C25-C28       π       C22-C23          π\*     34.07      0.36                        0.101
         C1-N6         π       C4-C5            π\*     36.31      0.42                        0.114
         C4-C5         π       C2-C3            π\*     38.71      0.38                        0.109
         C2-C3         π       C1-N6            π\*     46.48      0.33                        0.114
         O16           LP(2)   C15-N17          σ\*     31.64      0.83                        0.147
         N17           LP(1)   N19-C20          π\*     32.38      0.39                        0.105
         O11           LP(2)   C4-C5            π\*     38.99      0.44                        0.124
         N17           LP(1)   C15-O16          π\*     73.44      0.39                        0.153
  CCPH   C 22-C24      σ       C23-Cl32         σ\*     6.51       0.96                        0.071
         C24-C26       π       C25-C28          π\*     31.93      0.37                        0.097
         C1-N6         π       C4-C5            π\*     36.35      0.42                        0.114
         C4-C5         π       C2-C3            π\*     38.64      0.38                        0.109
         C2-C3         π       C1-N6            π\*     46.45      0.33                        0.114
         O16           LP(2)   C15-N17          σ\*     31.77      0.83                        0.147
         N17           LP(1)   N19-C20          π\*     32.9       0.39                        0.105
         O11           LP(2)   C4-C5            π\*     38.86      0.44                        0.124
         N17           LP(1)   C15-O16          π\*     72.72      0.39                        0.153
  BCPH   C22-C24       σ       C22-C23          σ\*     6.73       1.39                        0.086
         C24-C26       π       C25-C28          π\*     31.65      0.37                        0.097
         C1-N6         π       C4-C5            π\*     36.33      0.42                        0.114
         C4-C5         π       C2-C3            π\*     38.64      0.38                        0.109
         C2-C3         π       C1-N6            π\*     46.44      0.33                        0.114
         O16           LP(2)   C15-N17          σ\*     31.76      0.83                        0.147
         N17           LP(1)   N19-C20          π\*     32.77      0.39                        0.105
         O11           LP(2)   C4-C5            π\*     38.89      0.44                        0.124
         N17           LP(1)   C15-O16          π\*     72.82      0.39                        0.153

Comp = compounds, LP = lone pair, (*j*) acceptor, (*i*) donor, *E*^(2)^ means energy of hyper conjugative interaction (stabilization energy), *F*(*i, j*) is the Fock matrix element between *i* and *j* NBO orbitals, and *E*(*j*) -- *E*(*i*) is the energy difference between donor and acceptor *i* and *j* NBO orbitals.

For CPFH, the most important LP→ π\* interactions were observed as LP(1)N17 → π\*C15-O16, LP(1)N17 → π\*C19-C20, and LP(2)O11 → π\*C4-C5 with stabilization energies of 73.44, 32.28, and 25.44 kcal/mol, respectively. Similarly, another important LP → σ\* transition was described as LP(2)O16 → σ\*C15-N17 with 31.64 kcal/mol stabilization energy. Moreover, some prominent π → π\* transition were found as πC4-C5 → π\*C2-C3, πC1-N6 → π\*C4-C5, πC25-C28 → π\*C22-C23, and πC2-C3 → π\*C1-N6 with energies as 46.48, 38.71, 34.07, and 9.44 kcal/mol, respectively. Herein, σ → σ\* interaction could be observed as σ(N5-N6) →σ\*(C1-C*l*10) with least stabilization energy as 5.89 kcal/ mol.

For CCPH, the highest transition in the case of LP → π\* could be described as LP(1)N17 → π\*(C15-O16), yielding stabilization energy as 72.72 kcal/mol. Moreover, some other transitions were also observed like LP(2)O11 → π\*(C4-C5) and LP(1)N17 → π\*(N19-C20) with stabilization energies as 38.86 and 32.9 kcal/mol, respectively. Similarly, the most prominent interaction was found in LP(2)O16 → σ\*C15-N17 with 31.77 kcal/mol. Furthermore, π → π\* transitions were observed as π(C2-C3) → π\*(C1-N6), π(C4-C5) → π\*(C2-C3), π(C1-N6) → π\*(C4-C5), and π(C24-C26) → π\*(C25-C28), yielding stabilization energies, i.e., 46.45, 38.64, 36.35, and 31.93 kcal/mol, respectively.

For BCPH, the most prominent transitions take place as LP(1)N17 → π\*C15-O16, LP(2)O11 → π\*C4-C5, LP(1)N17 → π\*N19-C20 with stabilizations as 72.82, 38.89 and 32.77 kcal/mol, respectively. Moreover, the least important σ → σ\* transition was described in σ(C22-C24) → σ\*(C22-C23) with stabilization energy as 6.73 kcal/mol. Herein some significant π → π\* interactions were also observed as π(C2-C3) → π\*(C1-N6), π(C4-C5) → π\*(C2-C3), π(C1-N6) → π\*(C4-C5), and π (C24-C26) → π\*(C25-C28) affording stabilization energies as 46.44, 38.64, 36.33 and 31.65 kcal/mol, respectively. From our preceding discussion, it could be concluded that the stability of the compounds was due to hyper conjugation and extended conjugation. The NBO numbering scheme for entitled compounds can be seen in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf).

Natural Population Analysis {#sec4.2}
---------------------------

Natural population analysis (NPA) plays a vital role in quantum mechanical calculations.^[@ref29]^ Natural population analysis was remarkably important in obtaining the total atomic charge values, and these natural charges were derived using natural bond orbital (NBO) analysis.^[@ref30]^ The calculations of atomic charges within a molecule along with electron distribution were considered as effective descriptors to determine the non-covalent interactions (NCIS).^[@ref31]^ The atomic charges of CPFH, CCPH, and BCPH were obtained by NPA and are plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![Charge distribution analysis for CPFH, CCPH, and BCPH.](ao0c02128_0003){#fig3}

In CPFH, all the hydrogen atoms were positively charged, while all C atoms except C1, C5, C12, C15, C20, and C23 were negatively charged. Herein, it could also be observed that N17 contained negative charge (−0.3091*e*), while C5 has more positive charge (0.3461*e*). Similarly, in CCPH, a N17 atom was found more negatively charged (−0.3079*e*). Moreover, the atoms of carbons were negatively charged excluding C1, C5, C15, C20, and C25 owing to attachment with N and O atoms. In BCPH it has been observed that all H atoms possessed a positive charge, whereas a negative charge was present on all C atoms except C5, C15, and C20 due to the presence of electronegative N and O atoms ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

FT-IR Analysis {#sec4.3}
--------------

The intensities, nature of vibrational modes, and harmonic frequencies of CPFH, CCPH, and BCPH were studied at the DFT/CAM-B3LYP/6-311G (d,p) level.

### C--H Vibrations {#sec4.3.1}

A literature study showed that aromatic C--H vibrations were situated at 3100--3000 cm^--1^.^[@ref32]^ Herein, the C--H stretching symmetric modes of vibration in aromatic and hetero aromatic rings were situated at 3249, 3249, and 3248 cm^--1^ for CPFH, CCPH, and BCPH, respectively. For CPFH, CCPH, and BCPH, the C--H antisymmetric stretching vibrations were found in the range of 3211--3208 cm^--1^~.~ The rocking stretching vibration were located at 1665--1282, 1654--1307, and 1654--1204 cm^--1^, which were in excellent concurrence with experimental data as 1598--1271, 1584--1458, and 1587--1273 cm^--1^, respectively. Moreover, the scissoring vibrations were seen at 1696--1654, 1679--1654, and 1675--1641 cm^--1^ for CPFH, CCPH, and BCPH. Herein, for CPFH, the simulated C--H wagging vibrational frequencies at 1274, 1130, 1029, 878, and 789 cm^--1^ were found with an excellent agreement with experimental data as 1271, 1152, 1062, 874, and 772 cm^--1^, respectively ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). Similarly, in CCPH and BCPH, wagging vibrations were calculated at 1274, 1028, 822, and 787 cm^--1^ and 1028, 823, and 746 cm^--1^ (DFT) compared to 1271, 1055, 874, and 768 cm^--1^ and 1076, 876, and 775 cm^--1^ (experimental) were found in good concurrence, respectively ([Tables S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). Similarly, in CCPH and BCPH, the calculated and experimental wagging vibrations were found in good agreement as 1274, 1028, 822, and 787 cm^--1^ and 1028, 823, and 746 cm^--1^ (DFT) and 1271, 1055, 874, and 768 cm^--1^ and 1076, 876, and 775 cm^--1^ (experimental), respectively ([Tables S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)).

### C--C Stretching Vibration {#sec4.3.2}

The literature study revealed that C--C stretching vibrations were located at 1650--1400 cm^--1^,^[@ref33]^ while the C--C stretching vibrational wave numbers in CPFH, CCPH, and BCPH were found at 1696--1654, 1679--1654, and 1675--1641 cm^--1^ (DFT), which was in close agreement to the literature data. Furthermore, in CPFH, the simulated C--C vibrations could be seen at 926 and 878 cm^--1^, which was in excellent agreement with experimental data as 951 and 874 cm^--1^, respectively ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). Similarly, for CCPH and BCPH, stretching vibrational wavenumbers were found at 1478 and 822 cm^--1^ and 1479, 1273, and 927 cm^--1^, which strongly supported the experimental data as 1458 and 874 cm^--1^ and 1435, 1273, and 953 cm^--1^, respectively ([Tables S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)).

### C--O Vibration {#sec4.3.3}

The C=O bands were located at 1666--1651 cm^--1^.^[@ref34]−[@ref37]^ In CPFH, CCPH, and BCPH the calculated C=O band was found at 1845 cm^--1^, which nicely correlated with experimental values as 1874, 1856, and 1869 cm^--1^, respectively ([Tables S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)).

### N--H Vibrations {#sec4.3.4}

The N--H bands were located at 3500--3000 cm^--1^.^[@ref31]^ In CPFH, CCPH, and BCPH, the N--H stretching bands were detected at 3541, 3391, and 3540 cm^--1^, respectively (DFT). Some other N--H bands of entitled compounds seen at 1845, 1845, and 1869 cm^--1^ strongly supported the experimental values as 1874, 1856, and 1869 cm^--1^, respectively [(Tables S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)).

### C--N Vibrations {#sec4.3.5}

The C--N vibrations were found at 1382--1266 cm^--1^, which is normally the result for the combination of vibrational bands of other functional groups.^[@ref38]^ In CPFH, CCPH, and BCPH, the C--N stretching bands were seen at 1740, 1734, and 1733 cm^--1^, respectively. Furthermore, the C--N stretching frequency in pyridine was located at 1667 cm^--1^ for CPFH, CCPH, and BCPH, showing an excellent concurrence to the experimental values as 1688, 1690, and 1689 cm^--1^, respectively ([Tables S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). In CPFH, some additional vibrations were seen at 1204, 1119, and 920 cm^--1^ ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). Similarly, in CCPH and BCPH, stretching vibrational wavenumbers were found at 1478, 1204, and 926 cm^--1^ and 1307, 1273, and 1204 cm^--1^, respectively ([Tables S5 and S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)).

### C--X Vibrations {#sec4.3.6}

The C--F stretching modes in CPFH were found at 1282, 1119, and 1068 cm^--1^ ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)), while in CCPH, the C--Cl stretching modes were detected at 1069, 822, and 728 cm^--1^([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). Similarly, in BCPH, the C--Br stretching bands have been seen at 1054 and 870 cm^--1^([Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)).

UV--Vis Analysis {#sec4.4}
----------------

The UV--visible spectral study was conducted using TD-DFT/CAM-B3LYP/6-311G (d,p) approach to explain charge transfer, absorption properties, and vertical excitations of the entitled compounds. This study also provides significant information about compound energy gaps and band structures.^[@ref39]^ TD-DFT-based excitation energies (*E*), wavelengths of maximum absorption (λ~max~), oscillator strengths (*f*), and the major and minor orbitals contributions are tabulated in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Excitation Energies, Wave Lengthsand Oscillator Strengths of CPFH, CCPH, and BCPH[a](#t2fn1){ref-type="table-fn"}

  comp   DFT λ (nm)   expt λ (nm)   *E* (cm^--1^)   *f*      MO contributions
  ------ ------------ ------------- --------------- -------- -----------------------------------------------------------------------------------------------------------
  CPFH   263          279           37,956          0.765    H→L (91%)
         244                        40,974          0.0657   H-2→L (57%), H-1→L (11%), H→L + 3 (19%), H4→L + 3 (3%), H-2→L + 1 (3%), H-2→L + 4 (2%), H→L (3%)
         237                        42,228          0.1116   H-2→L + 1 (10%), H-1→L + 1 (70%), H-6→L + 2 (8%), H-2→L (2%), H-1→L (3%), H→L + 1 (2%)
         232                        43,020          0.0012   H-2→L + 1 (10%), H-1→L + 1 (70%), H-6→L + 2 (8%), H-2→L (2%), H-1→L (3%), H→L + 1 (2%)
         224                        44,565          0.0003   H-7→L (21%), H-5→L (47%), H-3→L (10%), H-3→L + 4 (10%), H-5→L + 9 (3%), H-3→L + 9 (3%)
         216          218           46,378          0.0034   H-7→L + 1 (58%), H-5→L + 1 (30%) H-7→L (3%), H 3→L + 1 (3%)
  CCPH   265          278           37,706          0.7435   H→L (93%)
         250                        39,927          0.0425   H-1 →L (61%), H →L + 3 (22%), H-4 →L + 3 (4%), H-2 →L (6%), H-1 →L + 4 (2%)
         236                        42,233          0.1153   H-2 →L + 1 (73%), H-6 →L + 2 (8%), H-2 →L (3%), H-1 →L + 1 (8%), H →L + 1 (2%)
         235                        42,611          0.0013   H-5 →L (26%), H-3 →L (46%), H-3 →L + 4 (17%), H-7 →L (3%), H-5- →L + 9 (2%)
         227                        44,072          0.0002   H-7 →L (12%), H-5 →L (45%), H-3 →L (16%), H-3 →L + 4 (14%), H-9 →L (2%), H-5 →L + 9 (2%), H-3 →L + 9 (3%)
         216          220           46,380          0.0034   H-7 →L + 1 (69%), H-5 →L + 1 (20%), H-7 →L (2%), H-3 →L + 1 (3%)
  BCPH   267          279           37,593          0.7107   H→L (93%)
         252                        39,699          0.0585   H-1→L (67%), H→L + 3 (20%), H-5→L + 3 (3%), H-1→L + 5 (2%)
         237                        42,227          0.1156   H-2→L + 1 (80%), H-6→L + 2 (8%), H-2→L (3%), H→L + 1 (2%)
         235                        42,493          0.0015   H-8→L (14%), H-4→L (19%), H-3→L (45%), H-3→L + 5 (14%), H-3→L + 9 (4%)
         227                        43,960          0.0001   H-8→L (18%), H-4→L (37%), H-3→L (17%), H-3→L + 5 (17%), H-3→L + 9 (4%)
         217          220           46,006          0.0001   H-1→L + 4 (47%), H→L + 4 (46%), H-9→L + 4 (3%)

H = HOMO, L = LUMO, expt = experimental, *f* = oscillator strength, *E* = energy, and MO = molecular orbital.

The calculated λ~max~ value, *f* value, and dominant transition in the gas phase were found to be 263 nm, 0.765 with H→L (91%) for CPFH, 265 nm, 0.7435 with H→L (93%) for CCPH, and 267 nm, 0.7107 with H→L (93%) for BCPH, respectively ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The experimental UV--vis absorption bands were recorded in the range of 218--279, 220--278, and 220--279 nm for CPFH, CCPH, and BCPH, respectively ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf)). In CPFH, the calculated λ~max~ values observed at 263 and 216 nm exhibits good harmony with experimental λ~max~ values found at 279 and 218 nm, respectively. The calculated λ~max~ values (265 and 216 nm) and experimental λ~max~ values (278 and 220 nm) in CCPH correlated adequately with each other. Similarly in BCPH, 267 and 217 nm are the computed λ~max~ values, which shows good concurrence with experimental λ~max~ values observed at 279 and 220 nm respectively. The preceding discussion precisely indicates that calculated and computed results in investigated compounds CPFH, CCPH, and BCPH correspond in good agreement to each other.

Frontier Molecular Orbital (FMO) Analysis {#sec4.5}
-----------------------------------------

The frontier molecular orbitals (FMOs) consist of highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO). FMOs can play a significant role during molecular interactions.^[@ref40]^ The chemical reactivity and stability might be determined by the energy gap of FMO.^[@ref41]−[@ref48]^ The electronic properties of CPFH, CCPH, and BCPH were determined by FMOs at the CAM-B3LYP/6-311G (d,p) level. The FMOs consist of HOMO, LUMO, HOMO -- 1, LUMO + 1, HOMO -- 2, LUMO + 2, and their energy gaps (Δ*E*) are presented in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. As in CPFH, CCPH, and BCPH, energy gaps were found as 7.278, 7.241, and 7.229 eV, respectively. The decreasing order of energy gap of entitled compounds was found as CPFH \> CCPH \> BCPH, and a pictographic display of FMOs for CPFH, CCPH and BCPH is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Frontier molecular orbitals of CPFH, CCPH, and BCPH.](ao0c02128_0004){#fig4}

###### *E*~HOMO~, *E*~LUMO~, and Energy Gap of Entitled Compounds[a](#t3fn1){ref-type="table-fn"}

  CPFH        CCPH       BCPH                                                       
  ----------- --------- ------- ----------- --------- ------- ----------- --------- -------
  HOMO        --7.793    7.278  HOMO        --7.853   7.241   HOMO        --7.833   7.229
  LUMO        --0.515           LUMO        --0.612           LUMO        --0.604    
  HOMO -- 1   --8.601    8.452  HOMO -- 1   --8.580   8.414   HOMO -- 1   --8.479   8.315
  LUMO + 1    --0.149           LUMO + 1    --0.166           LUMO + 1    --0.164    
  HOMO -- 2   --8.637    9.081  HOMO -- 2   --8.627   8.199   HOMO -- 2   --8.622   9.053
  LUMO + 2    0.444             LUMO + 2    0.428             LUMO + 2    0.431      

MO = molecular orbital, *E*~(HOMO)~ = energy of HOMO, *E*~(LUMO)~ = energy of LUMO, Δ*E* (eV) = *E*~(LUMO)~ -- *E*~(HOMO)~.

The electronic density in HOMO for CPFH was located on the (fluorobenzylidene) acetohydrazide, while the electronic density in LUMO for CPFH was located on the (fluorobenzylidene) acetohydrazide with the small contribution from nitrogen atoms of pyridine as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. However, in CCPH, the electronic density in HOMO was dispersed on the (fluorobenzylidene) methoxyacetohydrazide fragment, whereas the electron density in LUMO was dispersed on the (fluorobenzylidene) methoxyacetohydrazide fragment and in a small portion of the pyridine ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). On the other side, for BCPH, the electronic density in HOMO was located on the (2-bromobenzylidene) acetohydrazide, while in LUMO, it was dispersed on the (2-bromobenzylidene) acetohydrazide fragment, which was almost the whole structure except the bromine group and small effect on carbon and nitrogen of pyridine.

Global Reactivity Parameters {#sec4.6}
----------------------------

The energies of HOMO and LUMO were used to depict stability as well as reactivity of CPFH, BCPH, and CCPH. The electron affinity (*A*) and ionization potential (*I*) could be calculated by using [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}.^[@ref49]^Here, global hardness and electronegativity^[@ref50]^ were obtained using [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"}.

The charge transfer process could be obtained by calculations of electrophilicity (ω).

The electrophilicity was calculated by [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, and it was used to establish the charge transfer process, which described the variations of energy.^[@ref51]−[@ref56]^The global softness (σ) could be calculated by using [eq [7](#eq7){ref-type="disp-formula"}](#eq7){ref-type="disp-formula"}.

The results obtained from [eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"} are presented in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}.

###### Global Reactivity Descriptors for CPFH, CCPH, and BCPH[a](#t4fn1){ref-type="table-fn"}

  compounds   *I*     *A*     *X*     η       μ         ω       σ
  ----------- ------- ------- ------- ------- --------- ------- --------
  CPFH        7.793   0.515   4.154   3.639   --4.154   2.371   0.1374
  CCPH        7.853   0.612   4.233   3.621   --4.233   2.474   0.1381
  BCPH        7.833   0.604   4.219   3.615   --4.219   2.462   0.1383

Ionization potential (*I*), electro negativity (*X*), electron affinity (*A*),chemical potential (μ), global softness (σ), global hardness (η), and global electrophilicity (ω).

Overall, the electron donating and accepting abilities were described by ionization potential and electron affinity. In the studied molecules, the ionization potential was found to be much higher than electron affinity (*A*) values. The stability as well as reactivity of a chemical system was correlated to chemical potential and global hardness values.^[@ref57]^ The stability had a direct relation with global hardness, whereas it had an inverse relationship to its reactivity.^[@ref58]^

The order of global hardness was found as follows: \[CPFH (η = 3.639 eV)\] \> \[CCPH(η = 3.621 eV)\] \> \[BCPH (η = 3.615 eV)\]. These findings in context of stability as well as reactivity showed that CPFH was more stable and less reactive as compared to BCPH and CCPH.

Nonlinear Optical (NLO) Properties {#sec4.7}
----------------------------------

Nowadays, organic compounds are explored as potential candidates for NLO application due to their low cost and large nonlinear response.^[@ref59]^ NLO is helpful in frequency shifting optical modulation, optical logic, optical switching, and optical memory in areas like telecommunications, optical interconnections, and signal processing.^[@ref60]−[@ref62]^ Electronic properties are considered to be responsible for the strength of optical response, which in turn depends on the total molecular dipole moment (μ), linear response (polarizability, α), and nonlinear responses (hyperpolarizabilities, β, γ, etc.).^[@ref63]−[@ref65]^ The synthesized compounds CPFH, BCPH, and CCPH were studied at the CAM-B3LYP/6-311G (d,p) level for the evaluation of their NLO behavior. The diagonal elements of [eq [8](#eq8){ref-type="disp-formula"}](#eq8){ref-type="disp-formula"} were considered for estimating the average polarizability \<α\>.

First hyperpolarizability (β~tot~) has been computed from [eq [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"}.

For CPFH, CCPH, and BCPH, the average linear polarizabilities \<α\> were obtained as 197.698, 208.607, and 214.417 au, respectively ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The dipole moment (μ) of CPFH, CCPH, and BCPH were found to be 2.184, 2.53,1 and 2.512*D*, respectively ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). The increasing order of dipole moment of entitled compounds was noticed as CPFH \< BCPH \< CCPH. The second order polarizability (β~tot~) of CPFH, CCPH, and BCPH were calculated as 237.197, 182.828, and 188.506 au, respectively ([Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). The increasing order of second order polarizability was noticed as CPFH \< BCPH \< CCPH. The urea molecule was frequently applied as standard molecule for comparative analysis.^[@ref66]^ After comparison, β~tot~ values of CPFH, BCPH, and CCPH were obtained greater than that of urea (β~tot~(urea) = 43 au).^[@ref67]^

###### Polarizability with Major Contributing Tensor (au) and Dipole Moments of the Compounds

  polarizability   CPFH      CCPH      BCPH
  ---------------- --------- --------- ---------
  α*~xx~*          288.066   296.872   301.461
  α*~yy~*          223.919   244.863   254.400
  α*~zz~*          81.109    84.086    87.390
  α~total~         197.698   208.607   214.417

  dipole moments   CPFH       CCPH       BCPH
  ---------------- ---------- ---------- ----------
  μ*~x~*           --2.0517   --2.2320   --2.3467
  μ*~y~*           --0.7495   --1.1932   0.8968
  μ*~z~*           0.0030     0.0001     --0.0003
  μ~total~         2.184      2.531      2.512

###### Computed First Hyperpolarizabilities (β~tot~) and Major Contributing Tensor (au) of the Compounds

  hyperpolarizability   CPFH        CCPH        BCPH
  --------------------- ----------- ----------- -----------
  β*~xxx~*              188.670     104.743     --64.403
  β*~xxy~*              --113.090   145.946     --151.038
  β*~xyy~*              --15.569    --18.288    --24.725
  β*~yyy~*              237.472     --263.772   271.761
  β*~xxz~*              --0.060     0.021       --0.364
  β*~yyz~*              0.019       --0.001     --0.006
  β*~xzz~*              --2.111     --1.700     --2.535
  β*~yzz~*              40.011      --44.169    43.996
  β*~zzz~*              0.065       --0.002     --0.023
  β~tot~                237.197     182.828     188.506

Conclusions {#sec5}
===========

In this study, halo-functionalized novel hydrazones derivatives CPFH, CCPH, and BCPH have been synthesized and characterized using FTIR, ^1^H-NMR, ^13^C-NMR, and UV--vis spectroscopic techniques. The experimental FT-IR and UV--visible spectroscopic analysis of CPFH, CCPH, and BCPH showed reasonable agreement to the corresponding DFT-based results. The NBO study confirmed that the presence of hyper-conjugative interactions and intramolecular charge transfer are a vital cause for the presence of stability of the investigated compounds. Global reactivity parameters indicated that CPFH, CCPH, and BCPH possess strong kinetic stability. The average linear polarizability \<α\> values were obtained as 197.698, 208.607, and 214.417 au for CPFH, CCPH, and BCPH, respectively. The increasing order of dipole moment was noticed as CPFH \< BCPH \< CCPH. The β~tot~ of CPFH, CCPH, and BCPH were achieved as 237.197, 182.828, and 188.506, respectively. Furthermore, NLO comparative analysis brought to light that studied compounds have significant NLO response as compared to the prototype compound. Therefore, it is expected that this experimental--computational work may provide new horizons for CPFH, CCPH, and BCPH in the optoelectronic field.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02128](https://pubs.acs.org/doi/10.1021/acsomega.0c02128?goto=supporting-info).Tables of Natural bond orbital (NBO) analysis and experimental and theoretical vibrational frequencies with assignments of CPFH, CCPH, and BCPH; experimental FTIR spectra and 1H and 13C-NMR data of CPFH, CCPH, and BCPH as well as their experimental UV spectra of reported compounds; and NBO numbering scheme of the investigated compounds ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02128/suppl_file/ao0c02128_si_001.pdf))
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